Abstract-Toxicity of cadmium to Folsomia candida was determined in soils at different pHs (3.5, 5.0, and 6.5). The Langmuir sorption constant (K L ), based on pore-water or water-extractable concentrations, showed a pH-related increase of cadmium sorption that was most pronounced when using free Cd 2ϩ ion activities ({Cd 2ϩ }s). Two-species Langmuir isotherms that used total cadmium concentration ([Cd]) or {Cd 2ϩ } and pH in the water-extractable fractions gave the best description of cadmium sorption on all soils together. Cadmium concentrations causing 50% reduction of growth and reproduction (median effective concentrations [EC50s]) differed by a factor of 4.5 to 20 when based on total soil concentrations and increased with increasing pH. However, when based on water-extractable or pore-water [Cd] or {Cd 2ϩ }, EC50s decreased with increasing pH, but differences between soils were still a factor of 4.5 to 32. The EC50s differed by less than a factor of 2.2 when based on body [Cd] in the surviving animals. Twospecies Langmuir isotherms were used to relate body [Cd] in survivors to {Cd 2ϩ }, corrected for pH in water-extractable or porewater fractions. An excellent description of effects on growth and reproduction was found when related to the body concentrations predicted in this way; the difference in EC50s between soils was reduced to a factor Ͻ2. This demonstrates that F. candida is mainly exposed to cadmium through the soil solution, and suggests that principles of a biotic ligand model approach may be applicable for this soil organism.
INTRODUCTION
Toxicity of metals to soil organisms is strongly determined by soil properties such as clay and organic matter content and pH, which are highly variable. Therefore, simple relationships between soils and bioavailability of metals do not yet exist [1] . The distribution of metals over the soil solid phase and soil solution (sorption) is affected by soil properties, of which pH is dominant [2, 3] . For soil organisms, uptake from the water phase is considered most important, and attempts have been made to develop descriptive models relating uptake and effects of metals in these organisms to concentrations in the aqueous phase [4, 5] . These models suggest that free ions are the most relevant metal species in the solution [4] . In addition, protons (pH) and other cations in solution also are important in determining uptake and toxicity. Therefore, these models are in agreement with the mechanisms underlying the recently developed biotic ligand model (BLM) for aquatic organisms. Major assumptions of the BLM are that the organism is in equilibrium with its (aquatic) environment, the free metal ion is bound to the organism, other ions may compete for binding sites on the organism, and a close relation exists between the amount of metal bound to the organism and the amount that can exert a toxic effect [4, [6] [7] [8] .
The BLM originally was developed to describe acute toxicity of metals to fish, and assumed that the fish gill is the site of action. When the biotic ligand is considered to be a more generally characterized site, the BLM also should be applicable to other (aquatic) organisms for which the site of action is in direct contact with the external aqueous environment [6] .
Few experimental data on soil animals are available to support the applicability of the BLM for soils. This study aimed at determining toxicity of cadmium to the soil arthropod Folsomia candida (Collembola) in different soil-pH combinations. The final aim was to determine relationships between the bioaccumulation and toxicity of cadmium in F. candida and the availability of cadmium in the soil solution. Applicability of a BLM approach to soil organisms was investigated by relating cadmium uptake and effects to the activity of the free Cd 2ϩ ion ({Cd 2ϩ }), pH, and calcium concentration ([Ca]) in water-extractable and pore-water fractions. A BLM approach was supposed to be applicable when toxicity related to body concentrations measured experimentally and predicted from water-extractable or pore-water {Cd 2ϩ }, pH, and [Ca] would yield similar results.
MATERIALS AND METHODS

Test animals
Folsomia candida (Willem 1902) was cultured on moist plaster of paris mixed with charcoal (10%, w/w) at 18 to 20ЊC, a 12:12 h light:dark regime, and a relative humidity of 75%, and with dried baker's yeast (Oetker, Veenendaal, The Netherlands) as a food source. The parthenogenetic breeding culture originated from arable land at the experimental farm The Lovinckhoeve at Marknesse, The Netherlands, and had been kept in the laboratory for about nine years before the start of the tests. To obtain synchronized cultures, adult animals were incubated in new containers to lay eggs and removed after 2 to 3 d. The eggs hatched after approximately 14 d, and the emerging juveniles were used in the experiments. 
Test soils
Tests were performed in an Organization for Economic Cooperation and Development (OECD) artificial soil [9] and two natural soils, Panheel (PANH) and Wageningen (WAG) soils. The latter were arable soils, collected from the top 20-to 30-cm layer of noncontaminated fields near Panheel and Wageningen, The Netherlands. Both OECD and PANH soils were tested at three pH levels (ϳ3.5, 5.0, and 6.5), whereas WAG soil was tested at its own pH (ϳ4.9). The OECD soil was prepared by homogeneously mixing 70% quartz sand, 20% kaolin clay, and approximately 10% finely ground (air-dried, 1.0-mm-sieved) peat. The pH of OECD soils and PANH6.5 soil were adjusted by adding CaCO 3 (J.T. Baker, Deventer, The Netherlands), whereas HCl (9%) was used to lower the pH of PANH3.5 soil. Table 1 gives characteristics of the soils used.
Soils were tested at moisture contents of 30 to 50% of the water-holding capacity, corresponding with moisture levels (%, w/w) in OECD, PANH, and WAG soils of 50 to 55%, 13.5 to 15.5%, and 14.0%, respectively.
Soil treatment
Soils were treated with solutions of hydrated cadmium chloride (purity Ͼ99%; BDH Analar, Poole, UK; J.T. Baker, Deventer, The Netherlands) in deionized water, at nominal concentrations of 0, 0.44, 0.89, 1.78, 3.56, 7.12, and 14.2 mol/ g dry soil (corresponding to Cd at 0, 50, 100, 200, 400, 800, and 1,600 g/g dry soil). The amounts of water used were sufficient to moisten the soils to the desired moisture level (30-50% of the water-holding capacity). Addition of cadmium took place approximately three (OECD) to six (PANH) weeks after the soils were brought to the different pH levels. Soils were incubated for another four (OECD), two (PANH), or one (WAG) weeks after treatment with cadmium. This difference in incubation times was mainly due to the functioning of our synchronization, which determined the availability of animals of the right age to start experiments. One (WAG) or two (OECD and PANH) weeks before the start of the toxicity experiments, test soils were flushed with approximately two pore volumes of deionized water to remove the excess chloride, which was added together with the cadmium, by following the method described by Smit and van Gestel [10] . The columns used for flushing had a 0.45-m cellulose nitrate filter (401196, Schleicher & Schuell, Dassel, Germany) at the bottom. The eluate was collected, the volume was determined, and the eluate was analyzed for cadmium concentration ([Cd]) and conductivity. After flushing, the soils were dried at 50ЊC until the moisture content desired for testing (30-50% of the waterholding capacity) was reached.
Experimental design
Toxicity tests were performed according to methods of the International Standardization Organization [11] , by using five test containers for each control and treatment group, with each containing approximately 25 g of wet soil. Additional containers were prepared for pH and soil moisture measurements. At the start of the experiment, 10 juvenile (10-to 12-day-old) F. candida were placed in each test container, and some grains of dried baker's yeast were added. Mean (Ϯstandard deviation) starting weights of the test animals used were 13.1 Ϯ 5.54 g (n ϭ 40), 16.5 Ϯ 5.72 g (n ϭ 30), and 8.60 Ϯ 2.18 g (n ϭ 10) in OECD, PANH, and WAG soils, respectively. Test containers were incubated in a climate room at 18 Ϯ 1.0ЊC, 75% relative humidity, and a 12:12 h light:dark cycle.
After four weeks, the test containers were sacrificed for analysis of the numbers of adults and juveniles, body weight, and accumulation of cadmium in the adults as described by van Gestel and Hensbergen [12] . The WAG test containers were sacrificed after five weeks because no juveniles were seen after four weeks, probably because of the low initial body weight of the animals. Because we did not see any significant differences in sensitivity of F. candida to cadmium after exposure for four or six weeks in previous studies [12] [13] [14] , this will not have affected our conclusions.
Ten surviving adults per test concentration were weighed to the nearest microgram by using a Sartorius S4 super microbalance (Sartorius, Goettingen, Germany). These animals were lyophilized at Ϫ40ЊC for 24 h to determined dry weight, and individually digested in 300 l of HNO 3 :HClO 4 (7:1, v/ v; Ultrex grade, J.T. Baker) [15] . Cadmium concentrations in the collembolans were measured with a Perkin-Elmer 1100B atomic absorption spectrophotometer (Bordenseewerk, Ü berlingen, Germany) equipped with a graphite furnace at a wavelength of 228.9 nm. Quality of the analysis was controlled by analyzing certified reference material (bovine liver); metal concentrations usually were within 15% of the certified values.
Chemical analysis
To determine total soil concentrations, dry soil samples were digested in a microwave (CEM MDS 81-D, CEM, Mat-thews, NC, USA) by using a mixture of deionized water, HCl, and HNO 3 (1:1:4, v/v) and analyzed for cadmium by flame atomic absorption spectrophotometry on a Perkin-Elmer 1100B atomic absorption spectrophotometer at a wavelength of 228.9 nm.
Water-extractable fractions were prepared by shaking airdried soil samples for 2 h with demineralized water at a soil: liquid ratio of 1:10 (w/v). Pore water was sampled by centrifuging moist soil samples for 1 h at 2,000 g. Water-extractable fractions and pore-water samples were filtered over a 0.45-m cellulose nitrate filter (401196, Schleicher & Schuell); no corrections were made for possible cadmium sorption to the filters. All extracts and eluates were analyzed for [Cd] by flame atomic absorption spectrophotometry, as described above. The waterextractable fractions also were analyzed for total [Ca] by flame atomic absorption spectrophotometry at a wavelength of 422.7 nm. Unfortunately, insufficient amounts of pore water were obtained to allow for the analysis of [Ca] . Free Cd 2ϩ ion activity in the water-extractable and pore-water fractions was measured with an ion-specific electrode (Orion Research Model 94-48, Boston, MA, USA), which was calibrated against freshly prepared solutions of Cd(NO 3 ) 2 ·4H 2 O (purity 100%, J.T. Baker). Ionic strength of test solutions was adjusted to approximately 100 mM by adding 1 ml of a NaNO 3 solution to 30 ml of sample. The detection limit of Cd 2ϩ ranged between 0.1 and 1.0 M. Unfortunately, the WAG pore-water sample was too small to allow for determination of {Cd 2ϩ }. Total soluble organic carbon (TOC) concentration in the water-extractable and pore-water fractions was measured on a TOC analyzer (Rosemount Analytical Dohrmann DC190, Santa Clara, CA, USA).
Calculations and statistical analysis
To describe desorption of cadmium from the test soils, the relationships between total soil concentrations and water-extractable or pore-water [Cd] and {Cd 2ϩ } were fitted by applying a Langmuir isotherm
where C soil is the total [Cd] in soil (mol/kg dry soil), C diss is [Cd] or {Cd 2ϩ } in solution (M), C max is the maximum sorption capacity (mol/kg), and K L is the Langmuir sorption constant (L/mol). The K L may be interpreted as the inverse of the dissolved concentration at which 50% of the sorption sites is occupied. Estimates for C max and K L were obtained by nonlinear regression on log-transformed data. In the data analysis, this isotherm was extended to include a pH-dependent term, as described by Di Toro et al. [6] 
where K H is the constant describing the sorption of the hydrogen ion (H ϩ ) to the soil (L/mol) and {H ϩ } is the activity of the hydrogen ion derived from pH measurements (mol/L). In the same way, the isotherm was also extended with a [Ca]-dependent term. Parameters were estimated by least-squares approximation.
Cadmium concentrations causing 50% mortality (median lethal concentrations [LC50s]) of F. candida were calculated by using the trimmed Spearman-Karber method [16] . Cadmium concentrations causing 50% reduction (median effective concentrations [EC50s]) of growth (fresh wt) and reproduction (the number of juveniles produced) were calculated with a logistic model [17] . The LC50s and EC50s were based on total, water-extractable, and pore-water concentrations and body [Cd] s in the animals. In addition, concentrations causing a 10% reduction (EC10s) of growth or reproduction were obtained by modifying the logistic model according to Van Brummelen et al. [18] . A generalized likelihood ratio test [19] was applied to compare LC50 or EC50 values obtained for different soils. All calculations were run in Systat5.2.1 (SPSS, Chicago, IL, USA) on a Macintosh computer.
RESULTS AND DISCUSSION
pH, conductivity, and TOC levels in extracts
The pH of the water-extractable and pore-water fractions (Table 1 ) was in most cases somewhat lower at high added [Cd] s. This may be explained by the excess Cd 2ϩ ions, added in high concentrations, causing a release of protons from sorption sites on the soils.
Conductivity in pore-water samples of the OECD soils increased with increasing [Cd] , and ranged between 450 and 4,150 S/cm. These values were similar to the conductivities measured in the eluates collected after flushing the soils to remove excess chloride. Apparently, flushing the soils with water was not sufficient to remove all chloride. The amount of water used to flush the soils should correspond to two times the amount of water contained in the respective soils. After flushing the soils, only part of this total amount was recovered as eluate. As a consequence, the net fraction of pore water replaced by flushing the soils ranged from 0.5 to 0.7 in OECD3.5, OECD5.0, and WAG soils to 0.8 to 1.6 in OECD6.5 and PANH soils. For future studies, the use of larger water volumes is recommended, for example, by flushing until an amount of eluate equivalent to two times the water-filled pore volume is collected.
For PANH and WAG soils, pore-water volumes were too small to allow for conductivity measurements. Instead, conductivities were measured in the water-extractable fractions. Also, these conductivities increased with increasing [Cd] . In the water-extractable fractions of PANH5.0, PANH6.5, and WAG soils, conductivity ranged between 50 and 255 S/cm, whereas conductivity was much higher in PANH3.5 soil (245-361 S/cm). These values are on average a factor of 49 to 64 lower than the conductivities of the eluates, which ranged between 2,100 and 10,000 S/cm in PANH5.0, PANH6.5, and WAG soils, and between 17,100 and 21,500 S/cm in PANH3.5 soil. These differences are in agreement with a dilution factor of approximately 70 resulting from the use of a 1:10 (w/v) soil:water ratio for preparing the water-extractable fractions of the PANH and WAG soils. The difference in conductivities between the OECD soils and the other soils may be explained from the differences in soil moisture content. In all cases, conductivities could be explained from the amount of chloride added to the soils. This also was the case for the high conductivities in PANH3.5 eluates, which correspond with the amount of HCl used to acidify this soil.
The TOC concentrations in the water-extractable and porewater fractions of the OECD and PANH soils were not affected by soil pH. The TOC concentration was not affected by cadmium treatment, except for WAG soil, where TOC levels in pore water tended to increase with increasing [Cd] . In the water-extractable fractions of the OECD, PANH, and WAG soils, TOC concentrations of 26 to 43, 12 to 23, and 10 to 16 mg/L, respectively, were measured, whereas pore-water sam- Table 2 . Langmuir constants for cadmium desorption from different soils. The log 10 K L (L/mol) and log 10 C max (mol/kg) values, with standard errors and goodness of fit (r 2 ), were calculated from log-log plots of cadmium concentrations ([Cd] ples contained TOC levels of 174 to 471, 122 to 354, and 48 to 115 mg/L, respectively. Lower TOC levels in water-extractable fractions could be explained from the dilution resulting from the 1:10 (w/v) soil:water ratio used to prepare these fractions.
Cadmium concentrations
Actual [Cd]s in soil were lower than the nominal ones, which can be attributed to the leaching procedure applied to remove excess chloride. Actual [Cd]s decreased with decreasing pH, with the greatest loss (almost 50%) being observed in PANH3.5 soil and the lowest loss (on average 7.5%) in WAG soil. For PANH and WAG soils, these losses were confirmed by the amounts of cadmium recovered from the eluates collected after leaching the soils. For OECD soils, measured concentrations always were lower than predicted from the amount of cadmium recovered from the eluates; this finding remains unexplained. All results are based on measured [Cd]s in the test soils.
Total [Cd]s in the water-extractable fractions were on average (Ϯstandard deviation) a factor of 48.4 Ϯ 48.6 (n ϭ 42) lower than in pore water. The difference was smallest for OECD soil (16.3 Ϯ 8.1; n ϭ 18) and highest for WAG soil (90.9 Ϯ 56.5; n ϭ 6); it was intermediate for PANH soil (68.9 Ϯ 50.3; n ϭ 18). These differences are in agreement with dilution factors of approximately 20, 70, and 70, respectively, resulting from the use of a 1:10 (w/v) soil:water ratio for preparing the water-extractable fractions. This agreement between pore-water and water-extractable concentrations is somewhat surprising. Upon increasing the water content, some cadmium desorption was expected to restore the equilibrium between the soil solid phase and the aqueous phase. In the case of a fairly strong adsorbing metal such as cadmium, such a desorption would lead to a more or less similar aqueous concentration, independent of the water content of the soil. The fact that this does not occur suggests that 2 h of equilibration, as applied when preparing the water-extractable fractions, was not sufficient, and that desorption of cadmium from the test soils was a fairly slow process. The aging and leaching procedures applied may have contributed to this phenomenon.
The fraction of {Cd 2ϩ } generally decreased with increasing soil pH. In OECD soils, a relatively large amount of waterextractable cadmium was present as {Cd 2ϩ }: 18 to 78% of the total water-extractable [Cd], compared to 32 to 49% in PANH soils and 16 to 50% in WAG soil. The fraction {Cd 2ϩ } in porewater samples generally decreased with increasing [Cd] and ranged between 12 and 51% of total pore-water [Cd] in OECD soils. In the other soils, except for PANH3.5, no such decreasing trend was observed. The fraction {Cd 2ϩ } in the pore water ranged between 6.6 and 21% in PANH soils and was fairly constant at 12 to 17% in WAG soil. The only exceptions were two high values for the fraction {Cd 2ϩ } of 106 and 110% at the lowest two treatment levels in PANH3.5 soil. Analysis of the sorption data showed that this is most likely due to an error in the analysis of total [Cd]s in the pore water, yielding concentrations that are a factor of 5 to 10 too low. Measurement of {Cd 2ϩ } in pore-water samples of PANH3.5 soil in particular, but also in PANH5.0, PANH6.5, and WAG soils, at high treatment levels may have been hampered by the high salt levels in these soils (as indicated by the high conductivities mentioned above). Because we did our conductivity measurements only later, it was not possible to correct our {Cd 2ϩ } measurements for this effect. Table 2 shows Langmuir constants K L and C max values for the sorption of cadmium, based on total [Cd] and {Cd 2ϩ } measured in the water-extractable and pore-water fractions of the seven soil-pH combinations studied. For WAG soil, no porewater {Cd 2ϩ } could be measured because of the small amount of pore water collected. Free Cd 2ϩ activities in control waterextractable and pore-water samples generally were low (in most cases Ͻ0.2 and Ͻ1.0 M, respectively), and below the detection limit of the ion-selective electrode. Therefore, control values were omitted from the analysis. All results pre- sented here are based on measurements in cadmium-treated soils only.
Sorption of cadmium
The K L values are higher when based on {Cd 2ϩ } than on total [Cd] in the water-extractable fraction or in pore water, which demonstrates that only part of the cadmium in the solution was present as the free ion (see above). The C max values were fairly constant, ranging from 0.0068 to 0.013 mol/kg. These values typically correspond with a 20 to 25% saturation of the cation exchange capacity (Table 1) of the different soils. The only exception was PANH3.5 soil, where C max was much higher for the water-soluble fractions, which may be due to the absence of saturation at high solution concentrations in this soil. From pore-water fractions in PANH3.5 soil, no reliable K L values could be calculated.
For the OECD and PANH soils, K L values increased with increasing soil pH, a finding that corresponds to increasing cadmium sorption with increasing pH reported by others [20] [21] [22] . Data were reevaluated to account for this pH effect. As an example, in Figure 1A the individual sorption isotherms are shown for the water-extractable {Cd 2ϩ }. Figure 1B shows the plot resulting after correction for pH. The corresponding two-species Langmuir constants with corresponding standard error are log 10 K L ϭ 5.61 Ϯ 0.10 L/mol, log 10 C max ϭ Ϫ1.86 Ϯ 0.072 mol/kg, log 10 K H ϭ 5.54 Ϯ 0.090 L/mol ( ϭ 0.915; n 2 r adj ϭ 42). Correcting for pH reduced the difference between the individual sorption isotherms for the seven soils tested.
Another correction factor may be added by inserting [Ca], as suggested by Temminghoff et al. [23] , to yield a threespecies Langmuir isotherm. However, this did not further reduce the difference between soils, which might be due to the small range in [Ca]s in our soils (0.1-1.1 mM). This lack of improvement upon correction for [Ca] also might be attributed to the fact that [Ca]s within a specific soil only tended to increase at increased [Cd]s, which means that neither C max nor K L will greatly be affected by [Ca] . When applying a Freundlich model (results not shown), a significant effect of calcium on the prediction of C soil was observed, which was more in agreement with the finding of Temminghoff et al. [23] .
Similar results were obtained when plotting a two-species Langmuir isotherm through data based on total [Cd] in the water-extractable fractions: log 10 K L ϭ 5.14 Ϯ 0.094 L/mol, log 10 C max ϭ Ϫ1.91 Ϯ 0.064 mol/kg, log 10 K H ϭ 5.37 Ϯ 0.087 L/mol ( ϭ 0.926; n ϭ 42).
2 r adj When using pore-water [Cd] or {Cd 2ϩ }, fit of the twospecies Langmuir isotherm was less good ( ϭ0.696 and 2 r adj 0.768 with n ϭ 42 and 33, respectively), although in these cases correction for pH also considerably reduced the difference between the test soils. Because [Ca] could not be measured in pore-water samples, the goodness-of-fit of a threespecies Langmuir isotherm could not be checked.
The good agreement between Langmuir isotherms on the basis of total water-extractable or pore-water [Cd] and corresponding {Cd 2ϩ } may be explained by several factors. First, {Cd 2ϩ } generally increased with increasing [Cd] in all soils, leading to similarly shaped sorption isotherms. Second, the Langmuir isotherm is especially sensitive to the point where the curve starts to level off to C max . Inaccuracies of {Cd 2ϩ } measurements due to high salt concentrations, which were especially seen at high treatment levels (see above), may have affected our results, but probably not to a large extent.
Toxicity of cadmium for F. candida
Control survival in OECD and PANH soils exceeded the required Ͼ80% [11] and ranged between 90 Ϯ 10% and 98 Ϯ 4.5%. In WAG soil, control survival did not meet this requirement and was only 60 Ϯ 14%; at the three lowest treatment levels in this soil, survival was higher (72-74%). Soil characteristics, such as texture, organic matter and clay content, and pH, of WAG soil do not deviate much from those of PANH5.0 soil, and therefore cannot explain the high control mortality. The higher mortality could be due to the smaller size of the animals at the start of the test, making them more vulnerable to handling. In spite of the high control mortality, reproduction in WAG soil was normal (see below). The LC50 values for the effect of cadmium on the survival of Folsomia candida ranged between 5.92 and Ͼ11.6 mol/ g dry soil (665-Ͼ1,307 g/g; Table 3 ). The LC50s agree with literature values on cadmium toxicity to F. candida in artificial and natural soils [13, [24] [25] [26] [27] . In both OECD and PANH soils, LC50s increased with increasing soil pH, but differences between soils were not statistically significant (generalized likelihood ratio test; p Ͼ 0.05). When expressed on the basis of water-extractable or pore-water [Cd] or {Cd 2ϩ }, LC50 values decreased with increasing pH and differences between soils became larger (Table 3 ). In general, these LC50s also did not significantly differ between the test soils (generalized likelihood ratio test, p Ͼ 0.05). Only in case of pore-water {Cd 2ϩ }, LC50 of PANH3.5 soil was significantly higher than the other values. The LC50 values expressed on a body concentration basis differed less than a factor of 2.0 (Table 3) . Figure 2 shows the effect of cadmium on the growth (wet wt) and reproduction (number of juveniles) of F. candida. Growth was higher in OECD6.5, PANH5.0, and PANH6.5 soils than in the other four soils. In PANH3.5 soil, growth was already 50% reduced at the lowest [Cd] . Control reproduction in OECD6.5 soil was normal, but much lower in the controls of OECD5.0 and OECD3.5 soils, where it just met the requirement of Ͼ100 juveniles per test container [11] . In WAG soil, control reproduction was higher than in the OECD soils. Control reproduction was high in PANH5.0 and PANH6.5 soils, but much lower in PANH3.5 soil. Already at the lowest [Cd] , reproduction was about 50% reduced in WAG soil and almost 100% reduced in PANH3.5 soil.
The low control performance and high sensitivity observed in PANH3.5 soil may be attributed to the high salt content of this soil, resulting from acidifying the soil with HCl. Although no pore-water samples could be analyzed, from the agreement between pore-water and eluate conductivities found for the OECD soils (see above), the conclusion can be made that the pore water of the control PANH3.5 soil also must have had a high conductivity, in the order of 17,000 S/cm. Witteveen and Joosse [28] demonstrated that growth and reproduction of the collembolan Isotoma viridis are affected at salinities in soil pore water of Ն25% and that survival starts to decrease at seawater salinities of Ն50%. Seawater has an estimated chloride content of 0.58 M [12] , which may result in an estimated conductivity of 44,000 S/cm. Therefore, conductivities higher than 10,000 S/cm may be potentially harmful to the growth and reproduction of collembolans. Therefore, results obtained in PANH3.5 soil may have been biased by this salt effect, although survival did not seem to be affected, as may be concluded from the LC50 values reported in Table 3 .
The EC50s for the effect of cadmium on growth differed a factor of 20 between soils and ranged between 0.23 (PANH3.5) and 4.56 mol Cd/g dry soil (OECD6.5) when based on total soil concentrations (Table 4) . Corresponding EC10 values ranged between Cd at 0.020 (95% confidence interval: 0.008-0.050) mol/g dry soil and Cd at 1.66 (1.16-2.41) mol/g dry soil. The EC50s for the effect on growth in most soils (200-512 g/g dry soil) are in agreement with literature data [12] [13] [14] 26] . However, the EC50 for PANH3.5 soil (25.9 g/g dry soil) is much lower.
No EC50 for the effect on reproduction could be calculated for PANH3.5 soil, because reproduction was already reduced more than 99% at the lowest treatment level; the EC50 for this soil therefore is indicated in Table 5 When expressed on the basis of water-extractable [Cd], differences in EC50s for the different soils were smaller (Tables 4 and 5). The EC50s for the effect on growth ranged between 2.30 and 10.3 mol/L, whereas EC50s for the effect on reproduction ranged between 0.39 and 1.55 mol/L. These EC50s (2.58-11.6 and 0.44-1.74 g/g dry soil, respectively, for growth and reproduction) agree with values found in earlier studies [12] [13] [14] 26] .
When based on {Cd 2ϩ } in the water-extractable fraction, EC50s for these soils decreased with increasing pH (Tables 4  and 5 ). The EC50s based on water-extractable {Cd 2ϩ } for the effect on growth differed by a factor of 8.0 between soils and ranged between {Cd 2ϩ } at 0.37 mol/L (PANH6.5) and {Cd 2ϩ } at 2.96 mol/L (OECD3.5). Corresponding EC50s for the effect on reproduction differed a factor of 5.4 between soils and ranged from {Cd 2ϩ } at 0.098 mol/L (OECD5.0) to {Cd 2ϩ } at 0.53 mol/L (OECD3.5).
When expressed on the basis of pore-water [Cd], EC50s for the effect on growth differed by a factor of 10 between the different test soils (Tables 4 and 5) . No EC50 could be calculated for PANH5.0 soil. The EC50s for the effect on Table 5 (mol/g dry soil) reproduction showed somewhat less variation (factor of 6.9) and ranged from [Cd] at 5.19 to 35.7 mol/L pore water. The EC50s based on pore-water {Cd 2ϩ } showed a similar decreasing trend with increasing pH as found for the ones based on water-extractable {Cd 2ϩ } (Tables 4 and 5 ). In this case, EC50s for the effect on growth differed by a factor of 9.6 between soils and ranged between {Cd 2ϩ } at 5.98 mol/ L pore water (OECD6.5) and {Cd 2ϩ } at 57.2 mol/L pore water (PANH3.5). The EC50s for the effect on reproduction differed by a factor of 32 and ranged between {Cd 2ϩ } at 0.25 mol/L pore water (OECD6.5) and {Cd 2ϩ } at 7.91 mol/L pore water (PANH5.0).
When based on body concentrations in the surviving animals, EC50s differed by less than a factor of 2.2 between the soils (Tables 4 and 5 ). For the effect on growth, EC50s ranged between Cd at 0.79 and 1.33 mol/g dry body weight, and corresponding EC10 values were between Cd at 0.19 (0.095-0.37) and 0.56 (0.36-0.90) mol/g dry body weight. The EC50s for the effect on reproduction ranged between Cd at 0.41 and 0.87 mol/g dry body weight, and corresponding EC10s were between Cd at 0.14 (0.079-0.25) and 0.55 (0.44-0.68) mol/g dry body weight. These EC50 values (corresponding with 89.3-149 and 45.6-97.7 g/g dry body wt for growth and reproduction, respectively) are similar to those found in earlier studies [12] [13] [14] 26] .
Relation between body concentrations and extractable [Cd]
From the above, the conclusion can be made that when expressing toxicity on the basis of water-extractable or porewater concentrations or free ion activities, a considerable difference between soils remains. Toxicity showed the smallest difference between soil types when expressed on the basis of [Cd]s in the collembolans (Tables 3 to 5) . Previous studies have shown that for collembolans such as F. candida, metal toxicity can best be related to water-extractable fractions in soil [26, [32] [33] , and cuticular and ventral tubular uptake is suggested to be more important than ingestion in metal-contaminated soils [34] . By following the pore-water hypothesis for soil organisms [4] , toxicity should correlate with waterextractable or pore-water concentrations. According to the BLM developed for aquatic organisms [6, 7, 35] , toxicity should correlate with body concentrations and body concentrations should be related to external free ion concentrations.
To elaborate on these two approaches, Langmuir isotherms were fitted through measured body concentrations (C body ) in surviving collembolans plotted against water-extractable and pore-water [Cd] are based on short-term exposure periods, whereas in this case a 28-d exposure period was applied. Earlier studies have shown that cadmium uptake in F. candida takes approximately three weeks to reach equilibrium with external exposure concentrations [24] . Therefore, the K L values reported here do not represent short-term sorption of cadmium to an external body membrane but are indicative of a partitioning between an organism and its external aqueous environment.
The log 10 C max values were rather constant and ranged between Ϫ2.54 and Ϫ2.92 mol/kg dry body weight for all situations. These values correspond with a C body of 0.29 to 1.2 mol/g, which is in the range of EC50s for the effect on growth and reproduction (Tables 4 and 5 ), but below the concentrations affecting survival (LC50s; Table 3 ). Log 10 C max values reported in the literature on fish gill binding of cadmium are somewhat higher, ranging between 1.8 and 3.1 mol/kg [36, 37] .
When combining all soils, the Langmuir fit of C body against water-extractable [Cd] resulted in a log 10 r adj cases, a significant improvement was obtained when taking into account pH ( Fig. 3B and E) ; log 10 K L and log 10 C max did not change, and corresponding log 10 K H values were 4.28 Ϯ 0.50 and 4.77 Ϯ 0.23 L/mol, respectively. These values for log 10 K H are in agreement with those reported in the literature on fish, ranging between 4.3 and 6.7, depending on the test species and the interacting metal [7] . This improved fit upon inclusion of a pH correction corresponds well with that found for cadmium uptake in earthworms [39] .
Because calcium is known to compete for the same binding and uptake sites as cadmium [40] , [Ca] in the water-extractable fraction was incorporated. This only slightly improved the fit (Fig. 3C) , and the resulting log 10 K Ca value (Ϫ3.0 L/mol) showed an extremely large standard error. As explained for sorption, this lack of a significant contribution of [Ca] might be due to the small variation in [Ca]s in the water-extractable fractions and to the fact that we used a Langmuir model. When applying a Freundlich model (results not shown), a significant effect of calcium on C body was observed. For that reason, C body values predicted from a three-species Langmuir isotherm including [Ca] will be included in the following discussion. Because no calcium measurements could be done on pore-water samples, the pore-water Langmuir fits on C body could not be extended with a parameter for calcium.
Response of F. candida related to C body predicted from extractable Cd levels
To find out whether C body values predicted from pH (and [Ca]) corrected for water-extractable and pore-water [Cd] and {Cd 2ϩ } would provide a satisfactory prediction of toxicity, fresh weight or reproduction (both in percent of control to allow for a comparison of the different soils) was plotted as a function of measured and predicted C body values. As can be seen in Figures 4A and 5A , fit of a logistic curve through fresh weight or reproduction data plotted against measured C body values already was quite good ( ϭ 0.681 and 0.782). As 2 r adj described above, the difference between EC50s for the individual soils is less than a factor of 2.2 when based on measured C body values. When using C body values predicted from waterextractable {Cd 2ϩ } corrected for pH (Fig. 3B) , the fit of the logistic curve is improved (Figs. 4B and 5B; r 2 adj ϭ 0.865 and 0.863) and the difference between EC50s is reduced to a factor of 1.7 for growth and a factor of 2.0 for reproduction. An even better fit is obtained when using for the individual soils remains a factor of 1.7 for growth, but is reduced to a factor of 1.1 for reproduction. Note that in the latter case, WAG soil was omitted because no calcium measurements were performed in the water-extractable fractions of this soil. Despite the somewhat deviating response found in PANH3.5 soil, which might be attributed to the high salt content of this soil as discussed above, the data points for this soil also were in agreement with the curves drawn in Figures  4 and 5 . This suggests that cadmium toxicity was not enhanced by the low control performance in this soil, but mainly has been caused by increased C body levels due to a high bioavailability of cadmium. When fresh weight and reproduction were plotted against C body values predicted from pore-water {Cd 2ϩ } corrected for pH (results not shown), good fits also were obtained ( ϭ 2 r adj 0.857 and 0.773 for growth and reproduction, respectively). In this case, the difference in EC50s was reduced to a factor of 1.7 for growth and a factor of 3.6 for reproduction. Wag soil was not incorporated in this analysis because {Cd 2ϩ } values could not be measured in the pore-water samples of this soil. Also in this case, data points for PANH3.5 soil matched quite well with the curve fitted, again supporting the conclusion that cadmium toxicity was mainly due to increased C body levels.
CONCLUSION
Results of this study show that a BLM approach is suitable to describe cadmium toxicity to F. candida in seven different soil-pH combinations. Water extracts and pore water, analyzed to represent the aqueous phase, yielded similar results, although the absolute [Cd]s and activities were different because of dilution effects. The results of this study confirm that uptake and toxicity of cadmium in collembolans are mainly determined by the dissolved fraction and that free ion activity is relevant for these processes. Toxicity of cadmium could best be described on the basis of body concentrations. These body concentrations of cadmium in F. candida were directly related to the water-extractable and pore-water fractions, and this relationship significantly improved when taking pH into account. Although not significant, [Ca]s also seemed to have an effect. When toxicity was related to body concentrations measured experimentally or predicted from water-extractable or porewater concentrations, similar results were obtained. These results demonstrate that principles underlying the BLM (see the Introduction) also may be applicable to cadmium toxicity in soil invertebrates. This seems surprising, because most BLM work has been focused on short-term exposure and effects in fish and a few other aquatic organisms, whereas this study determined chronic toxicity in a soil-dwelling arthropod. Therefore, further research is needed to unravel the mechanisms of metal uptake and toxicity in collembolans and to develop a BLM for these soil organisms.
